ABSTRACT: Osseointegration, the direct functional and structural connection between device and bone is influenced by multiple factors such as implant macrogeometry and surgical technique. This study investigated the effects of osseodensification drilling techniques on implant stability and osseointegration using trabecular metal (TM) and tapered-screw vent (TSV) implants in a lowdensity bone. Six skeletally mature sheep were used where six osteotomy sites were prepared in each of the ilia, (n ¼ 2/technique: Regular [R] (subtractive), clockwise [CW], and counterclockwise [CCW]). One TM and one TSV implant was subsequently placed with R osteotomy sites prepared using a conventional (subtractive) drilling protocol as recommended by the implant manufacturer for low density bone. CW and CCW drilling sites were subjected to osseodensification (OD) (additive) drilling. Evaluation of insertion torque as a function of drilling technique showed implants subjected to R drilling yielded a significant lower insertion torque relative to samples implanted in OD (CW/CCW) sites (p < 0.05). Histomorphometric analysis shows that the osseodensification demonstrates significantly greater values for bone-to-implant contact (BIC) and bone area fraction occupancy (BAFO). Histological analysis shows the presence of bone remnants, which acted as nucleating surfaces for osteoblastic bone deposition, facilitating the bridging of bone between the surrounding native bone and implant surface, as well as within the open spaces of the trabecular network in the TM implants. Devices that were implanted via OD demonstrated atemporal biomechanical stability and osseointegration. ß
Surgical fixation of metal implants into bone is an essential component of correcting bone deformities or fractures. This type of intervention is commonly used to rehabilitate patients to baseline function and skeletal integrity. 1 Osseointegration, the direct functional and structural connection between implant and bone, is vital in implant surgery to ensure long-term implant stability. 2 Building upon Leventhal's study on the use of titanium implants for fracture fixation, 3 Albrektsson and Branemark highlighted the osseointegrative potential of titanium in implant surgery. 2, 4 Although implant and surgical protocols have evolved significantly since these landmark studies, rapid and long-lasting osseointegration remains the primary goal. 5 Successful osseointegration is dependent on an established primary stability, defined as an adequate contact between bone and implant at their interface upon instrumentation. 6 For this reason, strong primary stability, within limits, is associated with greater osseointegration. 7, 8 Primary stability, osseointegration, and secondary stability, defined as the added stability created as a result of bone healing/remodeling around an implant during the healing period, are all aspects of successful biomechanical fixation. 9 Primary stability increases resistance to micromotion of the implant, which can contribute to implant failure during healing, due to the lack of a tight fit between the implant and the osteotomy wall. 10, 11 Transitioning from primary stability, secondary stability is characterized by bone remodeling around the implant as healing progresses. 12 Osseointegration is achieved when newly-formed bone is in direct contact with the implant surface without any intermediate soft tissue component. 4 Recent studies have found significant correlations between secondary implant stability and peri-implant bone density as measured by CT. 13 Under certain conditions, osseointegration may not be achieved due to several factors and this failure may compromise implant-based rehabilitation.
Failure of osseointegration continues to be a clinical challenge. Eldin et al. determined that in a cohort of implant failures related to screw complications in the thoracolumbar, lumbar, or lumbosacral spine, were either due to screw fracture or screw loosening.
14 Additionally, dental implant failure rates have been reported to be as high as $8%, 15 due to excessive micromotion at the boneimplant interface, 16 as well as the inability to achieve functional loading. 17 Other factors, which may contribute to implant fixation failure include high microcracking frequency at osteotomy sites due to strain that exceeds bone elasticity, 18 osteonecrosis caused by thermal trauma from drilling or lack of irrigation, 19 and patient bone disease, which can create settings of low-density bone that challenge implants from forming contact with an adequate volume of bone. 20 In order to address implant failures, understanding the contributions of each variable toward bone healing, [ such as surgical technique or implant feature, is necessary. The fit between implant and implant bed has been described as an important surgical parameter for osseointegrative potential. 21 Other examples include geometrical configuration, implant surface characteristics such as texture, composition, or degree of porosity. 18 In addition to the aforementioned geometrical configurations, recent work has indicated that drilling protocols that differ from conventional subtractive drilling methods not only improve implant initial stability but also contributes to faster osseointegration. [22] [23] [24] [25] Conventional drilling protocols utilize a cutting (subtractive) technique in a clockwise direction with a positive rake angle resulting in the absence of bone residue in the osteotomy, while the non-cutting (additive) drilling technique, osseodensification (OD), has been shown to compact osteotomy site walls by means of lateral displacement of bone, thus increasing primary stability. 12, 26 Furthermore, the compacting of residual bone remnants, which act as nucleating surfaces for osteoblasts around the implant, function as an autograft facilitating osseointegration. 12, 25, 26 Studies assessing OD have reported positive histomorphometric results using subjects with low-density bone, 12, 25, 26 but studies assessing this surgical instrumentation technique in a systemic fashion are limited, prompting assessment of this drilling technique in the context of other variables essential to successful implant fixation. The objective of this study was to assess two variables (macrogeometry and surgical instrumentation) in how they contribute to the osseointegration of implants. Two different experimental implants, differing in their overall macrogeometrical configuration, one with a porous architecture-trabecular metal (TM), as porous implants have shown to osseointegrate better with surrounding bone compared to implants with a smooth surface (i.e., as machined) as the degree of roughness dictates the surface energy which contributes to osteogenic protein adsorption, cell adhesion, and cell proliferation. 27, 28 While the other a more conventional implant, without the porous area-twisted screw-vent (TSV), were employed to the conventional subtractive and the additive (OD) drilling technique and their biomechanical stability and osseointegration patterns investigated.
MATERIALS AND METHODS

Preclinical Laboratory In Vivo Model
Upon receiving approval from the Institutional Animal Care and Use Committee six skeletally mature sheep (each weighing 65 AE 5 kg) were acquired and allowed to acclimate for $5 days.
Two types of implants were utilized. The first as a titanium implant with a TM network, made of elemental tantalum, occupying most of the body (Fig. 1a ) (Zimmer 1 , Parsippany, NJ). The other implant is also a titanium implant containing a tapered screw-vent (TSV) morphology at the apex (Fig. 1b) (Zimmer 1 , Parsippany). Implant dimensions for the two mentioned above are 3.7 mm in diameter and 10 mm in length.
Prior to surgery, anesthesia was induced with sodium pentothal (15-20 mg/kg) in Normasol solution into the jugular vein and maintained with isoflurane (1.5-3%) in O 2 /N 2 O (50/50). Animal monitoring included ECG, end tidal CO 2 , and SpO 2 and body temperature, which was regulated by a circulating hot water blanket. Prior to surgery, the surgical sites (bilateral hip) were shaved and iodine solution was applied to prepare surgical site. A $10 cm incision was made to gain access to the ilium, dissections of fat tissue were performed and muscular tissue was reached. Dissection of muscular plane was performed with blunt dissection and the ilium was exposed using a periosteal elevator.
Six osteotomy sites were prepared in each of the ilia, (n ¼ 2/technique: Regular [R] (subtractive), clockwise [CW] , and counterclockwise [CCW]). One TM and one TSV implant was subsequently placed with R osteotomy sites prepared using a 3-step regular surgical drilling technique of 2.0 mm pilot, 2.8 mm and 3.4 mm twist drills, following Zimmer Biomet's soft bone drilling protocol, using the straight intermediate drills to the recommended final diameter. 29 CW and CCW drilling sites were subjected to osseodensification (OD) (additive) drilling using the Densah Bur (Versah, Jackson, MI) 1.7 mm pilot, 2.8 mm, and 3.8 mm multi fluted tapered burs (Fig. 2) . One of each implant type was inserted into one of the two CW and two CCW prepared sites. Osteotomy site and implant placement was randomly distributed throughout the ilia to avoid site bias. All drilling techniques were performed at 1100 rpm and with saline irrigation.
The insertion torque of all implants was recorded using a digital torque meter (Tonichi STC2-G, Tonishi, Japan). Lastly, the site was closed with a layered technique using Vicryl 2-0 for muscle and 2-0 nylon for skin. Cefazolin (500 mg) was administered intravenously pre-operatively and post-operatively. Post-operatively, food and water ad libitum was offered to the animals.
All sheep were euthanized by anesthesia overdose at three weeks post-surgery. Upon sacrifice, the hips were collected by sharp dissection. Prior to further processing, removal torque (N • cm) was measured for half (n ¼ 36; 18 TM implants and 18 TSV implants) the implants to measure the different implant experimental groups' stability after three weeks in vivo, while the remaining implants (n ¼ 36; 18 TM implants and 18 TSV implants) were referred for histological evaluation.
Histological Preparation and Histomorphometry
Implants along with surrounding bone tissue were removed en bloc for non-decalcified histological processing. The bone-implant EARLY BIOMECHANICAL STABILITY blocks were gradually dehydrated in a series (70-100%) of ethanol solutions and then embedded in a methyl methacrylatebased resin. Embedded blocks were then cut into sections using a diamond saw (Isomet 2000, Buehler Ltd., Lake Bluff, IL). The sections were glued to slides and ground on a grinding machine (Metaserv 3000, Buehler, Lake Bluff, IL) under water irrigation with a series of SiC abrasive paper (Buehler, Lake Bluff) until they were approximately 100 mm thick. The samples were then stained in Stevenel's blue and Van Geison to differentiate the soft and connective tissues.
Samples were qualitatively and quantitatively analyzed using histology micrographs and image analysis software (ImageJ, NIH, Bethesda, MD). Bone-to-implant contact (BIC) and bone area fraction occupancy (BAFO) were quantified to evaluate the osseointegration parameters around the surface. BIC determines the degree of osseointegration by tabulating the percentage of bone contact over the entire relevant implant surface perimeter while BAFO quantifies bone growth within the implant threads as a percentage. 18, 30 Statistical Analysis All biomechanical and histomorphometric testing data are presented as mean values with the corresponding 95% confidence interval values (mean AE CI). Insertion and removal torque, BIC value, and BAFO value data were analyzed using a linear mixed model with a fixed factor of surgical drilling method: Regular (R), clockwise (CW; OD), and counterclockwise (CCW; OD). All analyses were completed with IBM SPSS (v23, IBM Corp., Armonk, NY). By calculating the insertion torque and corresponding removal torque of the same 36 samples, a paired t-test comparison was used to evaluate the variation between insertion and removal torque values for half of the samples of the study.
RESULTS
No surgical site showed any sign of inflammation or infection during immediate post-operative evaluation. An exception was that the left ilium of one of the animals presented with a fracture at the study endpoint, thus excluding those implants from further analyses. For the remaining intact bones, no evident failure of implants was observed at time of necropsy. (Fig. 3a) . Analysis of implant and technique showed no statistically significant differences across surgical techniques within the TM group despite higher mean values were observed for the OD (CCW and CW) techniques relative to R. The TSV implants placed in CCW osteotomies showed significantly higher value in comparison to TSV þ R (p ¼ 0.018) combination, and intermediate insertion torque values were observed for the TSV implants placed on the CW drilled sites (Fig. 3c) .
Insertion and Removal Torque
The removal torque independent of technique, shows that TSV implants presented significantly higher removal torque values (p ¼ 0.008) relative to the TM group (Fig. 4a) . Removal torque measured as a function of drilling technique collapsed over implant type showed no significant differences between each drilling group (Fig. 4b) . A two-level analysis of implant type and drilling technique showed that no significance was observed within each implant group (p > 0.05) (Fig. 4c) .
When insertion (measurement at time of implant placement) and removal torque (measured after 3 weeks healing time) values were evaluated, the general trend indicated CCW and CW presented higher insertion torque values that were maintained over the 3-week period (removal torque), despite that the R drilling group osteotomy size was smaller comparing to the OD drilling group. While lower levels of insertion torque were observed for the R group implants relative to CCW and CW group implants, similar removal torque values were observed across groups irrespective of implant type. In other words, CCW and CW implants' biomechanical stability levels were kept over time at levels which R group implants only achieved after 3 weeks of bone healing and osseointegration ( Fig. 3d and e ).
Histomorphometric Analysis
Analysis for level of integration, with respect to BIC value results show no significant difference when data was collapsed over implant type (Fig. 5a) . When evaluating for BIC as a function of drilling technique, statistical differences were observed between CCW and R (p ¼ 0.037), as well as CW and R group (p ¼ 0.005), but no significant differences between CCW and CW groups (p > 0.05) (Fig. 5b) . The twofactor analysis, implant type and drilling technique, presented higher mean BIC value levels for OD drilling techniques relative to R independent of implant type. Statistical analyses yielded no significant differences for the TM implants, whereas for the TSV group, there was no difference between the OD groups (CW and CCW), while the both CCW and CW showed significant differences (p < 0.04) when compared to the R group (Fig. 5c) . Independent of implant type, samples in osteotomies prepared with OD technique (CCW and CW) consistently showed greater values for BIC relative to the control technique (Fig. 5c ).
Quantitative analysis of bone within the threads, BAFO value, evaluated as a function of implant type resulted in no statistical differences between the TM and TSV implants (Fig. 5d) . Evaluation of the drilling technique, shows a significant difference between both OD groups, CW and CCW, and the R group (p ¼ 0.001) (Fig. 5e) . The two-factor analysis of implant type and drilling technique shows that TM and TSV implants presented a significantly higher BAFO value in the OD technique when compared to the conventional R technique (p ¼ 0.009 and 0.013, respectively) (Fig. 5f ).
Histological Analysis
Survey histologic evaluation showed osseointegration of all implants considered for statistical analysis (Fig. 6 ). The mechanism of bone healing in the Due to the open, trabecular structure of the TM implants, while bone remnants facilitated the bridging between native bone and implant gap, bone remnants caught within the TM spaces during insertion acted as nucleating sites for osteoblastic bone deposition (Fig. 7) . The TSV, due to its closed structure, followed a more conventional route in which the bone remnants facilitated the bridging of bone between the native bone and implant surface during osseointegration (Fig. 8) .
All TM (Fig. 6a-c) and TSV ( Fig. 6d-f ) implants experimental groups presented bone in proximity with the implant surface. For the TSV implants, bone formation occurred in proximity with the threads. For the TM implants, bone formation occurred both in proximity with the implant threads as well as within the open TM spaces. Regardless of implant type, the samples drilled with the CCW and CW OD protocol presented more extensive bone tissue surrounding the implant relative to R group samples that presented a much thinner bony wall surrounding the implant. Vital bone was present within the open spaces in the TM network portion of the TM implants, suggesting successful bony ingrowth and vascularization during the healing period despite the drilling technique utilized (Fig. 7) . The presence of bone remnants in the adjacent bone in the TM implant samples is most pronounced in those drilled in the CCW (Fig. 7a ) orientation and least in samples drilled with the R protocol (Fig. 7c) . With respect to TSV implant samples, bone remnants are seen in greater number in the CCW (Fig. 8a) and CW (Fig. 8b) -drilled samples and least in samples drilled with the regular protocol (Fig. 8c) .
DISCUSSION
Osseointegration and implant stability are objectives of utmost importance because their hindrance will often lead to implant fixation failure. When complications regarding implant stability failure arise, revision surgery is often required, placing a financial burden on the patient. For example, the mean cost for hip arthroplasty may cost nearly $15,000, 31 but a revision surgery has the potential to exceed that cost. While the cost of fixed-implant supported prosthesis has been cited at $$1700, 32 this cost directly burdens the patient and warrants an improved treatment that will not negatively affect the patient's financial situation and quality of life. 32 As this study was designed to take a stepwise approach of analyzing variables pertaining to instrumentation method, implant design and how they influence osseointegration and implant stability. Therefore, it was important to investigate multiple permutations of drilling direction and burrs, to investigate effects of the alternative surgical technique, (OD). As the subtractive drilling technique and burr drastically differed from the additive protocol, an intermediary protocol, utilizing a clockwise approach with the OD burr, was done to differentiate between drilling and equipment. All methods, conventional (R), CW-OD, and CCW-OD were assesed with two experimental implants, TM and TSV (Zimmer 1 ), implants, that vastly differ in their macrogeometry.
Utilizing a highly translational large animal model for this study and selecting the hip due to its lowdensity bone configuration, in addition to its size, 12, 33, 34 allowed for the placement of all experimental groups to be nested within each subject maximizing statistical power while minimizing the number of animals. In addition, this particular region was selected because it consists of a thin cortical layer and a marrow tissue, which is comparable to human bone. 35, 36 This likeness is a reason for the iliac model to be used as a site for large bone augmentation in the oral cavity. 37, 38 Furthermore, the location has been previously used in studies with consistent outcomes. 35, 37 Additionally, using low bone density sites makes changes in bone density over time more apparent 12, 25, 33 as well as it may simulate low bone density conditions such as osteoporosis.
Conventional drilling techniques limit initial boneimplant interaction due to the excavation of nucleating bone remnants, which may vary in amount due to factors such as drilling speed, time, and use of irrigation, in the osteotomy, whereas an additive drilling technique (OD) compacts the osteotomy wall without removing bone remnants. 26 These nucleating sources act as autografts on implant surfaces to promote bone regeneration. 39 Histomorphometric data suggests no significant difference between the two OD groups, but a difference is observed between OD and R group. The autografted, compacted bone observed in the OD samples lends itself to the higher torque values and quantity of bone at the bone-implant interface. These findings support the fact that OD drilling does have a significant impact, which is observed with the higher BIC and BAFO results in comparison to the conventional protocol. OD surgical instrumentation was EARLY BIOMECHANICAL STABILITY determined to improve osseointegration and resulted in atemporal implant stability regardless of implant system evaluated stability.
Given that removal torque is comparable across all instrumentation groups (CCW, CW, and R), the lack of statistical significance suggests that OD drilling provides primary stability at day of surgery comparable to fully healed, regular drilling implants at threeweeks. Studies employing this additive drilling technique (OD) have already shown increased implant stability and bone area occupancy when compared to conventional drilling techniques; the findings of this work are consistent to this growing body of data. 1, 12, 26 Differences observed between implant types were attributed to the variation in healing patterns and osseointegration due to the implant macro-architecture. Although the TM component of the TM implant has been described to present high coefficient of friction, 40 an intrinsic property of elemental tantalum present along the implant bulk, the TSV implant showed significantly greater values for both insertion and removal torque. This is likely attributed to the presence of implant threads; the TM implant has fewer threads than the TSV implant, and the presence of the resulting healing chambers has been shown to contribute to greater biomechanical fixation due to the surface area that lends itself to osseointegration. A removal torque significantly higher than the insertion torque indicates that bone healed/remodeled, integrated with the implant surface during the healing period, and thus provided stronger anchorage of the implant. 25 Extensive new bone formation is observed in the CCW samples for both the TM and TSV implants. As implants are torqued in, they develop a strain on the surrounding bone which, if exceeds bone elasticity, can cause microcracks which contribute to bone remodeling. 18 This remodeling is vital for osseointegration to manifest, however, extreme strain causing more microcracking will yield more remodeling which facilitates failure of osseointegration by diminished bone-implant interaction. The significantly higher insertion torque observed for the OD techniques were most likely due to the compaction-autografting and the formation of the autograft bone wall comprised of compacted native bone, which has shown to create a spring-back effect and enhance implant insertion torque. 26 This explains that despite the significantly higher torque, however, the histologic sections around the OD instrumented implants did not show higher incidence of microcracking or remodeling due to compression relative to conventional drilling. The presence of autogenous bone remnants is observed in OD drilling, further supporting previous osseodensification studies that have shown that such non-vital bone remnants have been shown to be remnants of viable bone that acted as autografts to promote bone formation around the implant during the healing period. 12, 39 In clinical practice, orthopedic and dental implant complications have been reported to be as high as $34% 14 and $8%, 15 respectively. Of the 34% failure rate in orthopedic procedures, 16% were attributed to screw loosening during the healing period which is believed to be caused by failure to establish primary stability at the time of instrumentation, or lack of osseointegration during the healing period. Our findings suggest that these issues can potentially be minimized with the use of the osseodensification protocol as it allows for higher insertion torque, atemporal stability, and higher degrees of osseointegration.
Future studies comprising longer time points are suggested to assess changes in osseointegration over time. Further understanding of this technique and how its strengths can be maximized can potentially improve on time-sensitive clinical settings requiring osseointegration. One limitation present in this study was that no load was placed on implanted devices and therefore dynamic load-bearing implant data for the OD process is absent.
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